A pulsed Nd:YAG laser and a continuous diode laser were spatially superposed for higher absorption of laser beam to aluminum alloy. 12-20% increase in the bead width and 15-30% increase in the weld depth could be obtained by the superposition of continuous diode laser and pulsed Nd:YAG laser. Moreover, the unsteady thermal analysis with a key-hole effect indicated that the temperature of specimen surface with a continuous diode laser could be kept approximately 300K higher than that without a continuous diode laser. Therefore, it was clarified that the bead width and depth would increase greatly due to higher absorption of Nd:YAG laser to aluminum alloy by the superposition of a continuous diode laser.
Introduction
Recently, a diode laser (hereafter LD) has increased its power and reduced its cost rapidly, since the progress of semiconductor technology is remarkable. Therefore, a solid-state laser pumped by LD had been developed and applied to various kinds of laser processing, such as welding, cutting, drilling, scribing, and so on (1) . In these processings by using a solid-state laser, the improvement in efficiency and quality has been strongly required. From these viewpoints, a Nd:YAG laser pumped by LD has been developed. The energy consumption in this system is smaller by five times, and the exchange life is longer by ten times compared with those in the conventional system (2) . Moreover, a Nd:YAG laser is widely used as a practical manufacturing tool, because it has advantages such as the high quality laser beam and the easy delivery of laser beam through an optical fiber. On the other hand, the welding of aluminum alloy has been required for the purpose of lightening the personal digital device, the automobile, and so on. Figure 1 shows the relationship between absorption rate of aluminum A3003 and wavelength. In general, a pulsed Nd:YAG laser has been mainly used for the fine micro-welding of aluminum alloy. However, the absorption rate of a Nd:YAG laser (λ= 1064 nm) to the aluminum alloy is only 5 % at room temperature (3) (4) , and the processing efficiency is very low. Then, the high power laser system is required to weld deeply, while the excessive heat input would lead to the deterioration of surface integrity (5) . From the viewpoints mentioned above, in this study, a pulsed Nd:YAG laser and a continuous LD (λ= 808 nm) were spatially superposed for higher absorption of laser beam to aluminum alloy, since the absorption of LD (λ= 808 nm) to aluminum alloy is approximately three times higher than that of a Nd:YAG laser (λ= Figure 2 shows the schematic diagram of experimental setup. Table 1 shows the specifications of a pulsed Nd:YAG laser and a continuous LD used in this study. A pulsed Nd:YAG laser of 1064nm in wavelength and a continuous LD of 808nm in wavelength are superposed on the same beam axis, and the superposed laser beams of two wavelengths are delivered to the processing head through an optical fiber. Figure 3 shows the surfaces and the cross sections of welding bead for various Nd:YAG laser average powers (P pulse ) and the continuous LD average powers (P LD ). A pulsed Nd:YAG laser and a continuous LD were focused into 300µm in diameter on the specimen surface, and the irradiation conditions were as follows; feed rate F=30mm/s, pulse width of Nd:YAG laser τ =1.2ms, pulse repetition rate of Nd:YAG laser Rp=120Hz, P pulse =168-180W, and P LD =50W. In the case of P pulse =168W, the obvious difference in the bead width was observed on the specimen surface between P LD =0W and P LD =50W. It would be caused that the absorption energy of a Nd:YAG laser was insufficient to weld the aluminum alloy. Besides, in the case of P LD =0W, the size of irradiation spot was unstable. It was considered that the specimen surface temperature was low and a Nd:YAG laser could not be absorbed to the aluminum alloy sufficiently. On the other hand, in the case of P LD =50W, the bead width increased by 12-20% and the weld depth increased by 15-30% compared with those of P LD =0W, even though the peak power of continuous LD was approximately 4% against the peak power of pulsed Nd:YAG laser. It means that the energy of pulsed Nd:YAG laser could be absorbed effectively to the aluminum alloy by superposition of continuous LD.
Experimental method

Experimental results
Analysis of welding phenomenon 4.1 Absorption of continuous LD to aluminum alloy
The welding phenomenon was analyzed by the thermal analysis based on experimental results mentioned above. The general finite element program 'ANSYS Rev.11.0', in which the unsteady calculation is possible, was used for the numerical analysis. The absorption rate of continuous LD was investigated by the irradiation of continuous LD to the cylindrical aluminum A2017 of 10mm in diameter and 100mm in length. FEM analysis Fig.3 Welding results by P pulse and P LD (P pulse =168-180W, P LD =0, 50W, F=30mm/s, τ=1.2ms, Rp=120Hz) model is shown in Fig.4 . It is assumed that a laser beam is absorbed only on the specimen surface, and the heat generation by the absorption of laser beam was given as a heat flux from the specimen surface. Convective heat transfer condition of air was considered after the set time of laser irradiation. Except for the laser beam irradiated area, the convective heat transfer condition of air was also considered. Figure 5 shows the experimental setup for the investigation of absorption rate. The temperature was measured at the position of 5mm, 10mm and 15mm from the irradiation surface by thermocouples, and the temperature of irradiation surface was measured by an infrared thermo viewer (NEC San-ei Instruments TH7102WX). Then, the absorption rate of continuous LD was analyzed by the comparison of FEM analysis results. Figure 6 shows the experimental and the analytical results of temperature. The surface temperature rose to approximately 500K after 50 seconds from the start of LD irradiation, while the interior temperature hardly rose at every position even after 50 seconds as shown in Fig.6 (a) .
Next, the absorption rate of continuous LD was analyzed, when the absorption rate is 
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15%. The analyzed temperature just after the start of LD irradiation was approximately equal to the experimental results. However, the rising rate of analyzed temperature was small, and the maximum analyzed temperature was also low. Therefore, it was considered that the absorption rate of LD changed with the irradiation time. Then, the combination of absorption rate was calculated by using various assumptions. Figure 6 (b) was obtained by the analysis, when the absorption rate of LD was assumed as shown in Fig 7, which was very similar to the experimental results in Fig 6 (a) . Figure 8 shows variations of absorption rate of continuous LD to the aluminum alloy obtained from experiments. The calculation of absorption rate was carried out up to 491K, which is the maximum temperature of this measurement system. Since the absorption rate of LD increased proportionally with an increase of temperature, it was extrapolated for the outside range. The absorption rate of LD was assumed as 54% around the melting temperature of aluminum alloy 933K. Figure 9 is the FEM analysis model for heat conductive welding by single laser shot. Single pulse of Nd:YAG laser was irradiated on the center surface of analysis model with the uniform energy distribution of top hat, and the welding area was analyzed. Also, single pulse of Nd:YAG laser with a continuous LD was analyzed. The absorption rate of continuous LD was supposed as 15% before the irradiation of a pulsed Nd:YAG laser, and 54% after the start of a Nd:YAG laser irradiation as mentioned before. Figure 10 shows the maximum temperature at the center section. Figure 10 (a) shows the temperature distribution without a continuous LD, when absorption rate of a Nd:YAG laser to the aluminum alloy was 40%. Figure 10 (b) is the temperature distribution with a continuous LD, when the absorption rate of a Nd:YAG laser to the aluminum alloy was 40% and 55%. The bead width was calculated from melting point of aluminum 933K. The calculated bead width was equal to that of experimental result, when the absorption rate was 40% without a continuous LD. On the other hand, when LD was superposed, the calculated bead width with 40% absorption rate was approximately 100µm smaller compared with the experimental one. When absorption rate of Nd:YAG laser was supposed as 55%, the calculated bead width was equal to the experimental result. Therefore, it was cleared that the absorption rate of Nd:YAG laser increased 15% by the superposition of continuous LD. However, the welding depth by the analysis was shallower than the experimental one, and the bead shape was different. Therefore, it is considered that the difference of welding depth might be caused by a key-hole effect. Figure 11 shows the FEM analysis model for a key-hole welding. In this case, the key-hole shape was assumed as shown in the figure. Internal heat generation by the heating element of shape mixed column and hemisphere as shown in the figure. Internal heat generation by the key-hole and heat flux by a continuous LD was considered as the heat source. In the analytical process, a continuous LD was irradiated on the specimen surface except for a pulsed Nd:YAG laser shot, and the total power of a pulsed Nd:YAG laser and a continuous LD was irradiated as an internal heat generation at 120Hz pulse repetition rate and scanning speed 30mm/s during the irradiation of a pulsed Nd:YAG laser. Figure 12 shows the maximum temperature at the center section of scanning line. When the bead width and welding depth were compared, the analytical result was approximately equal to the experimental result by considering the key-hole. From these results, the surface temperature of specimen was discussed in the following. 
Absorption of pulsed Nd:YAG laser to aluminum alloy
Effect of superposed continuous LD
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Vol. 4, No. 5, 2010 Figure 13 shows the surface temperature before the irradiation of pulsed Nd:YAG laser In the case of superposition of continuous LD, the specimen surface temperature was kept approximately 750K, and it was 300K higher than that without a continuous LD. The absorption rate of Nd:YAG laser to the aluminum alloy tends to increase drastically more than 900K, which is the melting point of aluminum alloy. Since the surface temperature 750K of superposed laser irradiation is close to the melting point of aluminum alloy, it is easy to reach the melting point compared with the case of only Nd:YAG laser irradiation. Therefore, it was clarified that the energy of Nd:YAG laser would be absorbed to the aluminum alloy effectively, because the specimen surface could be kept at a high temperature by the superposition of continuous LD.
Conclusions
Main conclusions obtained in this study are as follows.
[1] 12-20% increase in the bead width and 15-30% increase in the weld depth was obtained by the superposition of continuous diode laser. [2] The absorption of Nd:YAG laser to the aluminum alloy increased approximately 15% by the superposition of continuous LD. [3] The energy of Nd:YAG laser could be absorbed to the aluminum alloy effectively, since the specimen surface was kept at a high temperature by the superposition of continuous LD.
